C erebral autoregulation (CA) is essential to maintain a constant cerebral blood flow (CBF) in the context of changes in cerebral perfusion pressure.
C erebral autoregulation (CA) is essential to maintain a constant cerebral blood flow (CBF) in the context of changes in cerebral perfusion pressure. 1 Assessment of CA reflects cerebrovascular function and has been used widely in hypertension studies and other clinical settings. 2, 3 Quantitative assessment of CA is challenged by the methods used for CBF measurement. Modern imaging modalities such as single-photon emission computed tomography, positron emission tomography, perfusion computed tomography, and MRI are difficult to be applied for CBF measurement in clinical studies of CA because of the cumbersome experimental conditions, the limitations of using radioactive isotopes (single-photon emission computed tomography and positron emission tomography), or other imaging contrast agents (computed tomography and MRI) for repeated measurements. 4 Recently, transcranial Doppler (TCD) has been used to assess CA because of its bedside availability, noninvasiveness, and high temporal resolution in measuring changes in cerebral blood flow velocity (CBFV) in the basal cerebral arteries. 5 However, because the diameter of the insonated vessels cannot be measured directly using TCD, the validity of using this technique to assess CA is based on a fundamental assumption that changes in CBFV represent changes in volumetric CBF, that is, by assuming that the diameter of basal cerebral arteries does not change significantly in the face of changes in blood pressure. 5 For its importance, this assumption has been evaluated repeatedly by using a variety of imaging modalities to measure CBF and to compare with TCD measurement of CBFV during changes in arterial pressure. 6, 7 However, the findings so far are inconsistent. [8] [9] [10] One of the major limitations of these studies is that CBF and CBFV often were not measured simultaneously or were measured with different temporal and spatial resolutions, thus making it difficult or even impossible for direct comparisons between CBF and CBFV
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November 2013 measurements given the nature of spontaneous oscillations in CBF and CBFV. 11 In this regard, an earlier study showed that during acute reduction in arterial pressure, changes in CBFV in the middle cerebral artery (MCA) measured with TCD accurately reflected changes in volumetric CBF in the internal carotid artery (ICA) measured simultaneously with electromagnetic flowmetry. 7 However, this study was conducted only in 7 patients with cerebrovascular diseases under surgical conditions, and these observations need to be confirmed.
Color-coded duplex ultrasonography (CDUS) is a noninvasively bedside available technology that has been used to measure volumetric CBF in the ICA. 12, 13 Similar to TCD, CDUS also has high temporal resolution.
14 In addition, changes in CBF in the ICA most likely reflect those in the MCA and anterior cerebral artery, which are the major branches of ICA.
In this study, we simultaneously measured changes in CBFV in the MCA and ICA and CBF in the ICA to assess CA during stepwise changes in arterial pressure induced by intravenous infusion of sodium nitroprusside (SNP) and phenylephrine. We tested the hypothesis that CA could be assessed equally well based on the measurements of CBFV in the MCA and volumetric CBF in the ICA. The outcome of this study will provide significant and new information regarding the validity of using TCD to assess CA during steady-state changes in arterial pressure.
Methods

Subjects
Twenty-one healthy adults were recruited from the local community to participate in this study. Subject demographic and clinical characteristics are presented in Table S1 in the online-only Data Supplement. Subjects were screened to exclude clinical histories of stroke, carotid stenosis, major medical and psychiatric disorders, unstable heart diseases, uncontrolled hypertension, and diabetes mellitus. This study conformed to the standards of the Declaration of Helsinki for medical research involving human subjects. All subjects signed the informed consent including the study protocol approved by the institutional review boards of the UT Southwestern Medical Center and Texas Health Presbyterian Hospital of Dallas.
Experimental Protocol for Changes in Arterial Pressure
Subjects were asked to refrain from high-intensity exercise, alcohol, and caffeinated beverage at least 24 hours before the experiment. Intravenous infusions of SNP and phenylephrine were used to induce stepwise changes in arterial pressure. 15 Subjects were in the supine position throughout the experiment. After ≥20 minutes of supine rest and baseline data collection, SNP was started with an infusion rate of 0.25 μg/kg per minute and then increased incrementally by 0.25 μg/kg per minute until mean arterial pressure (MAP) was reduced by 25% from the baseline or by 20 mm Hg whichever came first. The maximum dose used was 1.00 μg/kg per minute in the present study. After SNP infusion, a time interval of ≥20 minutes was provided to allow changes in hemodynamics to recover back to baseline. Then, phenylephrine infusion was started with 0.5 μg/kg per minute and then increased incrementally by 0.5 μg/kg per minute until MAP was increased by 30% from the baseline or by 25 mm Hg, whichever came first. The maximum dose used was 1.5 μg/kg per minute in the present study. At each stage of drug infusion, after changes in pressure were stabilized (≈2 minutes for SNP and 5 minutes for phenylephrine), 3 minutes of data were collected. Of note, the numbers of the exact stages of drug infusion were different among individual subjects depending on their cardiovascular responses to SNP or phenylephrine infusion.
Data Collection
TCD was used to measure the time-averaged peak velocity from the spectral envelop of Doppler signal to represent CBFV in the MCA using the standard method (DWL Elektronische Systeme, Germany). 16 The TCD probe was placed on the skin over the temporal bone region above the zygomatic arch. A custom-made probe holder or a headgear (Spencer Technologies) was used to prevent movement of the TCD probe during the study. Brachial arterial pressure was measured using a sphygmomanometer (Tango+, Suntech). Analog signals of CBFV waveforms, arterial pressure (Finapres, Ohmeda), ECG (GE Solar 8000M), and respiratory CO 2 (Capnogard, Novametrix) were recorded continuously using a data acquisition system (Acknowledge, BIOPAC Systems). The time-averaged data of CBFV, arterial pressure, heart rate, and breath-by-breath end-tidal CO 2 (ETCO 2 ) at the baseline and during each stage of drug infusion were used for statistical analysis.
The CBFV and CBF measurements at the ipsilateral ICA including quantification of the vessel diameter (D) and the cross-sectional area [CSA=π×(D/2) 2 ] of the ICA were performed using the CDUS method ( Figure 1 ). 13 For details on these measures, please see the online-only Data Supplement. Cerebrovascular resistance (CVR) was estimated as MAP divided by CBF, and cerebrovascular resistance index (CVRi) was estimated as MAP divided by CBFV. 13 All of the measurements were obtained from the baseline and when blood pressure was stabilized during each stage of drug infusion.
Assessment of CA
First, CA was assessed by linear regression of percentage changes in CBFV, CBF, CVRi, or CVR (Δ%) in responses to percentage changes in MAP (Δ%) based on the pooled data from all subjects. For ΔCBFV% or ΔCBF%, a linear regression slope of ≈0 has been used to indicate intact autoregulation whereas a significantly increased slope indicates impaired autoregulation. 15 Conversely, a linear regression slope of ≈0 for ΔCVRi% or ΔCVR% would suggest impaired autoregulation, whereas a slope of ≈1.0 indicates intact autoregulation. 17 However, it must be acknowledged that the use of these indices to assess CA is likely to be useful only for quantification of relative changes in CA because a clear cutoff threshold for any of these indices to indicate an impaired CA has not been established. 17 Furthermore, CA was assessed for each individual subject by linear regression of percentage changes in CVRi or CVR in the MCA and ICA in responses to percentage changes in MAP to account for the individual variability in CA and for group comparisons.
Finally, multiple linear regression analysis was used to account for the influences of percentage changes in ETCO 2 (Δ%) on CA: Y=A+B×ΔMAP%+ C×ΔETCO 2 %+ε, where Y represents ΔCBFV%, ΔCBF%, ΔCVRi%, or ΔCVR% (dependent variable), A is a constant, B is the unstandardized linear regression coefficient representing CA after adjustment for the influence from changes in ETCO 2 , C is the unstandardized linear regression coefficient representing cerebral vasomotor reactivity to changes in CO 2 after adjustment of the influence of changes in arterial pressure, and ε represents model random error. 18 We used a similar multiple linear regression analysis to assess the influences of percentage changes in ETCO 2 and MAP on the ICA diameter or CSA −1 (reciprocal of CSA to reflect the ICA resistance) during steady-state changes in arterial pressure.
Statistical Analysis
We performed linear regression analysis of changes in CBFV, CBF, CVRi, or CVR in response to changes in arterial pressure using the general linear model method. For the pooled data from the whole group, we compared CA between the MCA and ICA using the regression slopes of ΔCBFV% or ΔCVRi% to ΔMAP% according to the Steiger method. 19 In the ICA, we compared the linear regression slopes of ΔCVRi% and ΔCVR% (ie, velocity versus volumetric flow for assessment of changes in CVR) to ΔMAP% according to the Steiger method. 19 Slopes are expressed as mean±SE. Comparisons of CA based on the individual data were performed using paired t test. A level of P<0.05 was considered statistically significant. Data were analyzed using SPSS 19 (IBM SPSS Inc, Chicago, IL). 
Results
Baseline systemic and cerebral hemodynamics are presented in Table S1 . Drug infusion-induced percentage changes in MAP were from −26% to 31% (65-132 mm Hg) relative to the baseline. ETCO 2 changed concomitantly associated with changes in arterial pressure ranging from −24% to 18% (24-48 mm Hg). A positive correlation was found between ΔMAP% and ΔETCO 2 % (r=0.396; P<0.001).
The linear regression slopes of ΔCBFV% and ΔCVRi% to ΔMAP% were positive and similar between the MCA and ICA (ΔCBFV%: 0.239±0.065 versus 0.220±0.054; P=0.69; and ΔCVRi%: 0.777±0.078 versus 0.804±0.065; P=0.09; Figure 2A versus 2B; Figure 2D versus 2E). However, no significant changes in CBF in the ICA were observed despite large changes in MAP (the linear regression slope was small and not statistically different from zero, Figure 2C ). Consequently, the slope of ΔCVR% to ΔMAP% was steeper than that of ΔCVRi% to ΔMAP% (0.991±0.062 versus 0.804±0.065; P<0.05; Figure 2F versus 2E), suggesting that the assessment of CA is likely to be underestimated by the measurement of CVRi instead of CVR. Notably, large individual variabilities of changes in CBFV, CBF, ICA diameter, and CSA −1 were observed during changes in arterial pressure (Figures 2 and 4) .
Consistently, for individual data analyses, no group difference in the linear regression slopes of ΔCVRi% to ΔMAP% was found between the MCA and ICA; however, these slopes were significantly lower than that of ΔCVR% to ΔMAP% at the ICA (0.820±0.056 versus 1.090±0.065; P<0.01; and 0.874±0.059 versus 1.090±0.065; P<0.01; Figure 3) .
Multiple regression analyses showed that changes in ETCO 2 during drug infusion influenced the cerebral hemodynamics (Table S2) . After controlling for changes in ETCO 2 , CBFV and CVRi responses to changes in MAP were similar between the MCA and ICA, consistent with the simple linear regression results (Table S2) .
Finally, at ICA, the ΔDiameter% was correlated negatively and the ΔCSA −1 % was correlated positively to ΔMAP% (Figure 4) . Multiple linear regression analyses showed that these relationships were not influenced by changes in ETCO 2 (Table S2 ).
Discussion
The main findings of this study are 2-fold. First, we found that changes in CBFV and CVRi in response to changes in arterial pressure measured in the MCA using TCD were similar to those measured in the ICA using CDUS. Notably, the linear regression slopes of changes in CBFV to MAP were positive but relatively small (≈0.24) and the slopes of changes in CVRi to MAP also were positive but relatively large (≈0.78), suggesting presence of CA. 17 However, volumetric CBF measured in the ICA, as a group average, remained unchanged despite large changes in MAP. Consistently, the linear regression slope of CVR to MAP was steeper than that of CVRi to MAP. Collectively, these findings indicate that CA can be assessed via the measurement of CBFV and CVRi in the MCA using TCD, but it is likely to be underestimated with these measures. Second, we found an inverse relationship between changes in the ICA diameter and MAP, suggesting that large cerebral arteries participate in CA in human subjects.
Autoregulation of CBFV and CBF
TCD measurement of CBFV in the MCA has been used widely to assess CA. Previous studies in healthy adults found a positive correlation between changes in CBFV and MAP with a linear slope of 0.5% to 3.0% per mm Hg within a range of MAP from ≈60 to 150 mm Hg. 15 These observations have been interpreted to indicate that CBF could not be maintained constant in response to change in arterial pressure even with the presence of intact CA. 15 Consistent with these prior studies, our study also showed a positive linear slope of 0.24 ∆CBFV (%)·∆MAP (%) −1 , which is ≈0.27% per mm Hg between changes in CBFV and MAP.
The new findings of the present study are that CBFV responses to changes in arterial pressure were similar between the MCA and ICA. As expected, the obtained ΔCVRi%−ΔMAP% slopes were similar between the MCA and ICA ( Figure 2D versus 2E). The slope of linear regressions between ΔCVRi% and ΔMAP% has been used to reflect CA capacity. A slope of 0 has been used to indicate absence of CA, whereas a slope of 1.0 indicates the presence of a perfect CA. 17 Thus, assessment of CA based on the CVRi-MAP relationship would suggest that CA is ≈70% to 80% intact during steady-state changes in arterial pressure in the subjects of the present study.
However, as a group average, volumetric CBF in the ICA remained unchanged during changes in arterial pressure. Consistently, the slope of ΔCVR%−ΔMAP% was near to 1.0, which would suggest the presence of a perfect CA. Thus, when compared with volumetric CBF or CVR measurements, the assessment of CA could have been underestimated when CBFV or CVRi was used.
There are 2 important issues related to the data interpretation that need to be discussed. First, consistent with previous studies, we found that there was a positive correlation between changes in ETCO 2 and MAP. 20 A recent study suggests that baroreflex-mediated changes in ventilation may explain changes in ETCO 2 associated with transient changes in arterial pressure. 21 Whether similar mechanism(s) would apply during steady-state changes in arterial pressure is not known, and we did not measure ventilation in this study.
Changes in ETCO 2 may reflect changes in arterial CO 2 which have profound effects on CBF. 22 Previous studies of CA used a correction coefficient of 3% to 6% changes in CBF or CBFV per mm Hg change in ETCO 2 to account for the confounding effect of CO 2 . This method has limitations in that either under-or overcorrections may occur because of the existence of large individual variability in cerebral vasomotor reactivity to CO 2 . 23 In this study, multiple linear regression analysis was used to account for the influences of changes in ETCO 2 on assessment of CA. 24 As expected, the ΔCBFV%−ΔMAP% regression coefficients were reduced and the ΔCVRi% or ΔCVR%−ΔMAP% coefficients were increased after adjustment of ΔETCO 2 % when compared with simple linear regressions ( Figure 2 and Table S2 ).
Second, large intra-and intersubject variabilities of CBFV and CBF were present during changes in arterial pressure. In this study, TCD probe was kept in the same position and the insonation angle was maintained constant by using a custom-made probe holder or a headgear to reduce artifacts. 25 Furthermore, for CBF measurement using the CDUS method, the ICA diameter was measured using a high-resolution edge-detection and echo-tracking method to reduce potential measurement variability. 13 Thus, the large individual variability of CBFV and CBF observed most likely reflect intrinsic physiological oscillations in CBF under the current experimental conditions and the presence of individual variability in CA.
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Autoregulation of Large Cerebral Arteries
Because of technical limitations for measuring cerebral blood vessels directly in human subjects, whether or not large cerebral arteries play a role in CA is not well understood. 26 In a previous study, MCA diameter was measured directly during craniotomy. The MCA diameter changed ≤4% in response to moderate changes in arterial pressure or arterial CO 2 .
9 Several other studies using MRI or angiography could not detect any changes in the MCA diameter during moderate changes in arterial pressure likely attributable to the low spatial resolution of these methods. 10 Bilateral ICAs are major cerebral arteries that supply ≈75% of total CBF in human subjects. 12, 13 The extracranial portion of the ICA diameter can be measured accurately and reliably with high temporal and spatial resolutions using the CDUS method. 13 In the present study, we found that ICA diameter changed negatively and CSA −1 changed positively with arterial pressure (Figure 4 ). The range of percentage changes in diameter was from −9.5% to 7.7%, and in CSA −1 was from −13.8% to 21.0% when percentage changes in MAP were from −25.9% to 30.9% relative to the baseline. This observation is consistent with previous studies in animals, 26 which demonstrated that the diameter of major intracranial arteries increased during reductions in arterial pressure. 27 Resistance of large arteries seems to be greater in the cerebral circulation than other vascular beds, and large cerebral arteries are the major determinants of local microvascular pressure. 27 Furthermore, diameter changes of large cerebral arteries (MCA, ICA, and vertebral artery) also have been observed during acute changes in arterial blood gases, for example, during moderate to severe hypoxia or hypercapnia. 28, 29 Taken together, the findings of the present study suggest that large cerebral arteries are involved in CA in human subjects. Notably, the slope of ΔCSA −1 % versus ΔMAP% was far less than 1 ( Figure 4B ), which indicates that although ICA may involve in CA, its contribution is likely to be disproportionately less than that of intracranial arteries and arterioles.
However, we cannot exclude the possibility that the ICA diameter changes observed in the present study are attributable to direct pharmacological effects. The α 1 -adrenergic receptors are located outside the blood-brain barrier, and the density of α 1 -adrenergic receptors on extracranial arteries is likely to be much higher than that of intracranial arteries. 30 In addition, the arterial endothelial tight junctions are likely to be more intense in the intracranial than extracranial blood vessels. It is generally believed that phenylephrine does not pass bloodbrain barrier and has minimal, if any, direct vasoconstrictive effects on cerebral arteries. 31 Thus, phenylephrine may produce greater vasoconstrictions in the ICA than in the MCA. In this case, the slope of changes in CBFV may be similar to that of volumetric CBF in the MCA but different from that of ICA volumetric CBF during induced hypertension. SNP is an endothelium-independent NO donor, and many studies in animals have shown that NO regulates the vascular tone of large cerebral arteries. 32 However, intracarotid infusion of SNP sufficient to reduce arterial pressure does not change CBF in humans. 33 Thus, whether or not SNP has direct effects on the ICA diameter needs to be determined. Finally, 9 subjects in this study used antihypertensives to control their blood pressure (Table S1) . It is not known whether the antihypertensives used would have different effects on the MCA CBFV or ICA CBF regulation. However, a subgroup data analysis of these subjects did not differ from those of not using antihypertensives (data not shown). Thus, all the data were pooled together in this study.
Perspectives
TCD has been used widely to study CA in patients with hypertension and other neurovascular diseases. However, one of the major limitations of TCD is that it can only measure CBFV in the basal cerebral arteries, and an assumption has to be made that changes in CBFV in the insonated arteries reflect changes in volumetric CBF. Thus, the validity of using TCD for assessment of CA has been a concern. 34 In this study, we found that changes in CBFV in response to steadystate changes in arterial pressure were similar between the MCA and ICA and that the linear regression slopes between changes in CBFV (or CVRi) and arterial pressure indeed could reflect characteristics of CA. However, assessment of CA using these indices obtained with TCD is likely to be underestimated when compared with the measurements of CBF or CVR in the ICA. Furthermore, we found an inverse relationship between changes in the ICA diameter and arterial pressure which suggests that large cerebral arteries are involved in CA. Given the important role of CA in understanding the control of brain perfusion, these findings have significant clinical implications for evaluation of the methodologies used for CA assessment.
What Is New?
• Cerebral autoregulation, a protective vascular mechanism to maintain brain blood flow constant, was assessed by measuring changes in blood flow velocity and volumetric flow simultaneously in the large cerebral arteries during stepwise changes in arterial pressure. This study demonstrates that changes in blood flow velocity in response to changes in arterial pressure are consistent among large cerebral arteries and that the large cerebral arterial arteries, such as the internal carotid artery, are involved in cerebral autoregulation in human subjects.
What Is Relevant?
• Study of cerebral autoregulation is fundamentally important for understanding the mechanisms of control of brain perfusion in patients with hypertension and for antihypertensive therapy.
Summary
Transcranial Doppler is a widely used method for studying cerebral autoregulation but has a major limitation in that it only can measure blood flow velocity in the large cerebral arteries. This study showed that changes in transcranial Doppler measured blood flow velocity in response to changes in arterial pressure indeed reflect the characteristics of cerebral autoregulation. However, assessment of cerebral autoregulation using blood flow velocity is likely to be underestimated when compared with volumetric blood flow. Furthermore, large cerebral arteries are involved in cerebral autoregulation. These novel findings are important for evaluation of the methodologies used for cerebral autoregulation assessments in clinical settings. Model parameters are unstandardized correlation coefficients. Δ% indicates percentage change relative to baseline; CI, confidence Interval; SE, standard error of the model parameter estimates; CBFV, cerebral blood flow velocity; CBF, cerebral blood flow; CVRi, cerebrovascular resistance index = MAP/CBFV; CVR, cerebrovascular resistance = MAP/CBF; CSA -1 , the reciprocal of cross-sectional area at internal carotid artery (ICA); MCA, middle cerebral artery; MAP, mean arterial pressure; ETCO 2 , endtidal CO 2 .
Novelty and Significance
